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Human pulpal blood flow (PBF) signals as measured by laser Doppler flowmeter 
(LDF) decrease with age. Although this decrease is considered to be due in part 
to slow blood flow, information regarding this velocity in humans has been 
lacking. The aims of the present study were to estimate the blood flow velocity in 
human dental pulp and to evaluate the validity of LDF modified for the 
measurement of slow blood flow. 
 
Design 
Mean blood flow velocities at the upper central incisor, gingiva, fingertip and 
forearm of 28 volunteers (mean age: 38.6 years old) were estimated using LDF 
with a frequency analyser. Blood flow signals at these measurement areas were 
recorded using two different LDFs: (a) one with a standard blood flow range; and 
(b) one modified for low blood flow velocity. 
 
Results 
The frequency range of the Doppler shift measured at the teeth with an opaque 
rubber dam was the narrowest (median: 4.3 kHz) among all of the measurement 
areas. The estimated mean blood flow velocity was the slowest at the teeth with 
a dam (median: 0.18 mm/s). LDF for low blood flow velocity detected larger and 
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The present results indicate that the velocity of PBF in humans is very low and 
that LDF modified for the measurement of slow blood flow is appropriate for PBF 
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1.Introduction  
 
Laser Doppler flowmeter (LDF) has been applied to measure pulpal blood flow 
(PBF) in both humans1-5 and experimental animals.6-9 Recently, LDF has 
become one of the most popular techniques applied for pulp vitality testing in 
traumatised teeth,10,11 because of its greater sensitivity and specificity compared 
to other dental pulp tests.12 However, LDF for measuring PBF seems to have 
limitations and difficulty when applied in elderly people. Ikawa et.al previously 
reported age-related decreases in PBF, with the magnitude of PBF signal 
becoming very small in elderly subjects.13 The vascular structures and blood 
vessels supplying the coronal portion of the pulp have been reported to decline 
with age.14,15 As with other changes in the dentin-pulp complex involved in 
decreasing PBF, the size and the volume of the pulp decreases with the 
increase in calcified tissue with aging. 16,17  
Age-related changes in PBF could be also due to the decrease in velocity at 
the peripheral area of the dental pulp. However, only limited information is 
available regarding the blood flow velocity in the pulp. Kim18 reported that the 
PBF velocity in rat incisors ranged between 0.11 mm/s and 2.1 mm/s and was 
slower than that in cat and rabbit omentum.19 To my knowledge, measurement 
of the blood flow velocity of human pulp using LDF has been lacking. In the 
measurement of PBF using LDF, many technical and environmental conditions 
have been known to interfere the results.20,21 Among these conditions, nonpulpal 
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signals, principally obtained from nearby gingival tissue, could significantly 
contaminate the PBF signal.22-24 For the elimination of the contamination, 
opaque, heavy-gauge rubber dams have been reported as sufficient.3,23 An 
appropriate tooth isolation device should be applied to measure human PBF 
velocities.  
LDF was generally designed for the measurement of organs that have 
abundant blood flow, such as the brain,26,27 skin and28,29 muscle,30 but not for the 
dental pulp. Thus, it might not be ideal for a standard LDF to measure PBF with 
low blood volume and/or low blood flow velocity, particularly in elderly subjects. I 
speculated that the blood flow in human dental pulp would be very slow. The 
ability of LDF to measure slow PBF would be increased if the specifications of 
the flowmeter were modified to detect low blood flow velocity. 
Therefore, the aims of the present study were: 1) to estimate human PBF 
velocity with dam application; and 2) to evaluate the validity of the PBF 
measured by the modified LDF for low blood flow velocity. 
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The experimental protocol of this study was approved (ref. no. 21-2) by the 
Research Ethics Committee of Tohoku University Graduate School of Dentistry, 
based on the guidelines set forth in the Declaration of Helsinki. A total of 28 
healthy staff members (age range: 22–55, mean ± SD: 38.6±10.4 years old) of 
Tohoku University Graduate School of Dentistry (20 men, 8 women), who had 
healthy vital upper central incisors, participated in this study. All of the volunteers 
were healthy with no systemic or cardiovascular disease, no evidence of 
hypertension and no current usage of cardiovascular medication. The upper 
central incisors of the subjects were diagnosed as healthy if the teeth were free 
of caries, defects, attrition, recession and discoloration. Prior to data recording, 
the purpose and methods of this study were explained to each subject, and 
written informed consent was obtained from all of them. 
  
2.2. Estimation of the blood flow velocity in the tissue  
 
Blood flow velocities of the tooth pulp, gingiva, skin of the fingertip and forearm 
of the subjects were estimated by the following procedures. The measurement 
areas were illuminated with a laser light (2 mW, 780 nm) of the standard LDF 
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(FLO-C1HP Omegawave Inc., Tokyo), and the reflection light was guided to an 
opt-electric conversion amplifier of the LDF. The opt-electrically amplified signals 
were then conveyed to a frequency analyser (EZ Analyzer, Omegawave Inc., 
Tokyo) to analyse the power spectrum of the FFT of the Doppler shift. In order to 
set up the detection frequency range for the PBF measurement, it was important 
to examine the frequency characteristic of the power spectrum of the raw signals 
by using a frequency analyzer. I determined the detection frequency range (the 
cut-off frequency: COF) of each power spectrum to exclude signal noise at 
frequencies higher than the COF because those frequencies produced only 
opt-electric conversion amplifier noise. After determining the COF, the mean 
value of the frequency (F) was calculated using the signals lower than the COF. 
As the mean frequency (F KHz) is related to the mean velocity (V mm/s) of red 
blood cells,31 V in the detected volume of the tissue was estimated as: 
V=(2.9xF)/1000 (mm/s). 
 
2.3. Blood flow measurement using two different laser Doppler flowmeters 
 
The blood flow signals of the tooth pulp, gingiva, fingertip and forearm of the 
subjects were measured by two LDFs. A standard LDF having the detected 
frequency range of 24 Hz – 24 KHz was modified to have that of 24 Hz – 5 KHz 
by the preliminary test of the FFT analysis. The blood flow range of the standard 
LDF was 0 - 100 (ml/min/100g equivalent), and that of the modified LDF was 0 – 
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10 (ml/min/100g equivalent). The analog outputs of the both LDFs were 0 – 10 V, 
and the 10 V were converted to 100 (ml/min/100g equivalent) for the standard 
LDF and 10 (ml/min/100g equivalent) for the modified LDF. 
The gain resistor of the opt-electric amplifier of the modified flowmeter was 
100 MΩ: 2.5 times of the resistor for the standard flowmeter used in this study 
(40 MΩ) (Fig. 1). The signal to noise ratio of the amplifier becomes higher by 
using a higher resistor, but the detectable frequency range becomes lower. I 
also added a 5 KHz low-pass filter in the operation circuit.  
To compare the blood flow signals measured by the two flowmeters, a 
specially designed measurement probe (Fig. 2) was used to record the blood 
flow signals simultaneously, using the two flowmeters. This process was 
enabled by embedding a prism in a probe and dividing the reflection light from 
the tissues into two halves to two optical fibres for receiving. The diameter of the 
fibres for light incidence and receiving the reflection light were both 0.1 mm, with 
a separation distance of 0.5 mm from the centre of each fibre.  
 
2.4. Recording procedures 
 
Prior to the measurement, impressions of the upper incisors were obtained to 
prepare an individual resin cap that covered the labial and palatal surfaces of 
one of the upper central incisors of the subjects, leaving a gap of approximately 
2 mm between them. The cap was extended to cover the labial surface of the 
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attached gingiva. Two stainless-steel tubes were embedded in the cap: one was 
in the labial tooth surface approximately 2 mm from the gingival margin, and the 
other was in the portion facing the gingiva. A small acrylic plate was prepared in 
advance for the measurements at the fingertip and forearm, and a 
stainless-steel tube was embedded in the plate for the insertion of the LDF tip.  
The measurements were obtained in a laboratory with the room temperature 
kept at approximately 23°C by an air conditioning unit. The finger, forearm, tooth 
and gingiva were measured in that order. The subjects were asked to rest quietly 
for several minutes before the measurement. The arm of the subject was at the 
level of the heart, and the signals were recorded from the left middle fingertip. 
First, the laser light illuminated the finger, and the laser Doppler blood flow 
signals were conveyed to the EZ Analyzer for the frequency analysis. The power 
spectrum of the FFT signals was recorded and later analysed to determine the 
COF and to calculate F and V. Next, the blood flow signals were recorded. The 
blood flow signals were stored in a data acquisition system (Lab Chart, AD 
instrument Pty Ltd., Australia) on a personal computer (Mac personal computer, 
Apple Inc., U.S.A.) via a laboratory interface (Power Lab, AD instrument Pty Ltd., 
Australia) and were analysed later. The procedure was repeated with the 
forearm. 
After the measurements at the fingertip and forearm, measurements were 
obtained at the upper central incisor, with an opaque, black rubber dam sheet 
and without the dam, and then at the gingiva. The subject was in the supine 
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position on a comfortable flat bench, and the individual resin cap was fixed using 
dental cement (Dycal, Calk, U.S.A.). First, the laser Doppler signals were 
recorded to determine the COF and V, and then the PBF signals were 
simultaneously recorded with a dam using the two flowmeters. After removal of 
the rubber dam sheet using scissors, the procedure was repeated with the tooth. 
After the measurement from the tooth, the detection probe was inserted into a 
hole facing the gingiva, and the procedure was repeated with the gingiva.  
During the measurements, the subjects were asked to refrain from bodily 
movement to prevent signal artefacts. I was careful not to allow the detection 
probe or the optical fibre to touch any other part of the subjects.  
 
2.5. Statistical analyses 
 
Some of the data for the COF, V and blood flow signals did not show normal 
distributions. Thus, these data are expressed as medians with interquartile 
ranges, and they were analysed by non-parametric methods, using software for 
statistical treatment (Statistical Analysis for Mac, version 2.0, Esumi Inc., Tokyo, 
Japan). The differences among the finger, forearm, gingiva, tooth with dam and 
tooth without dam regarding the COF, V and blood flow signals recorded by the 
standard flowmeter were analysed using the Steel-Dwass test. The effects of 
dam application to the tooth were examined by Wilcoxon’s signed rank test. The 
signal amplitudes recorded from the tooth with a dam, using the two flowmeters, 
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were compared by Wilcoxon’s signed rank test. A p-value less than 0.05 was 












3.1. Blood flow velocities 
 
Fig. 3 is an example of the power spectra obtained from a finger and a tooth of 
the same subject. The difference between the shapes of the two spectra is 
obvious. In this result, the COFs for the finger and the tooth with dam were 
determined, based on the shape of the spectrum, to be 17.5 kHz and 2.5 kHz, 
respectively. Fig. 4 summarises the COFs of the recorded signals from the 
measured areas. There were significant differences among them. The COF at 
the teeth with opaque rubber dams ranged between 2.0 KHz and 7.0 KHz 
(median [interquartile range]): 4.0 kHz [2.0 kHz]). This value was significantly 
lower than at other measured areas (Steel-Dwass test, p<0.01). The COF at the 
teeth without rubber dams ranged between 4.0 KHz and 14.0 KHz (median 
[interquartile range]): 10.0 kHz [2.0 kHz]). The reduction in the COF of the teeth 
with dams was statistically significant (median [interquartile range]): 48.9% 
[21.2%], p<0.01 for each, Wilcoxon’s signed rank test). 
 The estimated V of the measured areas showed a similar tendency to 
that of the blood flow velocities obtained with the COF (Fig. 5). The blood flow 
velocity at the teeth with dams (median [interquartile range]: 0.18 mm/s [0.08 
mm/s] was significantly lower than the other measured tissues (Steel-Dwass test, 
p<0.01). The V from the teeth without dams ranged between that measured at 
  1
3 
the gingiva and that at teeth with dams (median [interquartile range): 0.56 mm/s 
[0.31 mm/s)). The V at the fingertip, forearm and gingiva was 3.19 mm/s (1.14 
mm/s), 0.50 mm/s (0.21 mm/s) and 2.34 mm/s (0.46 mm/s) (medians 
(interquartile ranges)), respectively. The reduction of V at the teeth with dam 
application was statistically significant (median [interquartile range]: 64.6% 
[15.4%]) (p<0.01, Wilcoxon’s signed rank test). 
 
3.2. Blood flow signals 
In the measurements using the standard LDF, the tendency of the blood flow 
signals was similar to that observed in the V (Fig. 6). The blood flow signal was 
the largest at the finger, followed by the gingiva, teeth without dams, forearm 
and the teeth with dams, in that order. The blood flow signals from teeth 
measured with dams were nearly 0 (0.0062 V [0.013 V]) (Steel-Dwass test, 
p<0.01), and the analogue output (0-10 V) was too low to accurately evaluate 
the blood flow signals from teeth with dam. The blood flow signals from teeth 
measured without dams were 0.062 V [0.029 V] (median [interquartile range]). 
As measured by the standard flowmeter, the opaque rubber dam application 
significantly reduced the blood flow signals at the teeth (median [interquartile 
range]: 82.6% [24.7%]) (p<0.01, Wilcoxon’s signed rank test). 
Fig. 7 shows a typical example of the simultaneous measurement of the 
blood flow signals at a tooth with a dam using the two flowmeters (Subject MC, 
age 50 yrs). Clear pulsatile signals were recognised in the trace obtained from 
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the recording with the modified LDF. In the measurement of the teeth with dams, 
pulsatile signals were recorded from all of the teeth by the LDF for low flow 
velocity, while no obvious signals were obtained with the standard LDF in 12 out 
of 28 subjects. Fig. 8 shows the summary of the signal amplitudes from all of the 
examined teeth with dams. The signals obtained with the modified flowmeter 
detected significantly larger signals (median [interquartile range]: 0.2545 V 
[0.088 V]) than the standard LDF (median [interquartile range]: 0.0062 V [0.013 

















4. Discussion  
 
In the simultaneous measurement of the teeth with dams, it was difficult to 
measure PBF with dam application by the standard LDF. I confirmed that the 
modified LDF had higher detection ability of PBF signals than a standard 
flowmeter (Figs. 7 and 8). This is mainly due to the lower blood flow detection 
range (0–10 ml/min/100 g) provided for the modified LDF compared to the 
standard LDF (0–100 ml/min/100 g). In addition, the signal-to-noise ratio of PBF 
signals was improved with the following factors: a) the suppression of the 
opt-electric conversion amplifier noise produced by the wider frequency range 
than 5 kHz; and b) an increased voltage in the opt-electric conversion by 
incorporating a high-gain resistor. LDF detected better PBF signals with a 
narrow bandwidth (3 kHz) than with a wider frequency range (15–22 kHz),32,33 
although a definite reason for the better signals was not provided in these 
reports. The present results on the COF, the V and the PBF support these past 
findings. I demonstrated that the necessary frequency range for the PBF 
measurement was at most 7 kHz. I consider that the better PBF signals in their 
reports reflected the suppression of the opt-electric conversion amplifier noise. 
Sasano et al. 34 reported that the regulation of blood flow in the dental pulp in 
dogs was more dependent on systemic blood pressure than on local 
vasoconstriction or vasodilation. In the present study, recorded lights were 
divided into two halves by a prism in a probe. Thus, I consider that 
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systemic blood pressure of the subjects did not effect on the comparison 
of the blood flow signals of the two LDFs.  
LDF has been reported to be applicable for pulp vitality testing: the pulsatile 
and relatively large signal is an indicator of the vitality of the pulp.20,21 However, 
Kijsamanmith et al.25 reported that the recorded PBF signal with infrared light 
with a dam was very low and was close to the limit of resolution of the instrument. 
Ikawa et.al also reported that the PBF signal was very small, almost nil, in elderly 
subjects.13 Because of the small signal amplitudes, LDF has not yet been 
extensively applied for PBF measurement in elderly subjects. However, I expect 
that the improvement of the detection of PBF using the modified LDF would 
increase the possibility of the application of LDF for PBF measurement, 
particularly in elderly subjects. Even after applying an opaque dam, the pulp 
contributes less than 50% to the recorded signal.3,25 Thus, the larger the signal 
amplitude is, the easier it is to distinguish vital from non-vital. 
There were significant differences in the mean BF signals measured by the 
standard LDF within the measurement areas (Fig. 6). Spatial variability in the 
skin BF among persons has been reported. The resting blood flow in an index 
fingerpad was significantly higher than that in middle of palm.29 The BF in the 
middle fingertip was twice that in the forearm.28 The large differences in BF 
between the finger and forearm observed in the present study supports these 
past findings.  
To my knowledge, this is the first report on the velocity of human PBF 
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measurements, eliminating the periodontal tissue-derived signals by the 
application of opaque rubber dams. In general, LDF has an analogue signal 
output that indicates the mean flow velocity of the measured tissues, as well as 
mean blood flow and mean blood cell concentrations. However, signal artefacts 
might have been computed from the very small signals in such target tissues 
with very small blood flow, such as the pulp with dam application. Thus, I instead 
estimated the velocity from the power spectrum of the Doppler frequency shift. 
The estimated velocity in the present study was similar to velocities 
corresponding to the capillaries or postcapillary venules in rats’ pulp, using an 
electronic video imaging shearing technique.18 In the experimental setup of the 
present study, the incident laser light was considered to have reached the 
peripheral area of the coronal pulp.35 It could be speculated that the blood 
vessels in this area are primarily capillaries because the numbers and diameters 
of the blood vessels have decreased due to age-related changes.14-17 The 
velocity of the human PBF in the measurements with dams was slower than the 
blood flow velocity of the other tissues, such as rat spinotrapezius muscle, 36 cat 
mesentery 37 and rabbit mesenteric arterioles.38 
Roy et al.39 attempted to apply pulpal blood flow velocity to distinguish vital 
from non-vital teeth after luxation in clinical settings. They recorded signals with 
small peaks in vital teeth and those with longer peaks in nonvital teeth. They 
concluded that the moving blood cell velocity curve recording was more accurate 
and reproducible, compared to measuring PBF values as perfusion units (PUs), 
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but they failed to provide a definite explanation for the longer peaks. I speculate 
that the longer peaks did not reflect actual velocity; the signal processing in the 
computing of LDF did not estimate flow velocity accurately, but instead, a 
possible signal artefact was computed from the very small blood flow signals 
from the non-vital teeth. In the present study, aiming to exclude signal artefacts, I 
did not use the velocity signal output of the instrument but calculated the velocity 
using the signals reflecting Doppler frequency shifts. Further study will be 
required if the present method for measuring velocity is applicable for 
determining the pulp vitality of traumatised teeth. 
The use of opaque rubber dams in the PBF measurement by LDF, for the 
elimination of periodontal tissue-derived signals, has been well accepted.3,25,39 
According to a report by Kijsamanmith et al., 25 with the infrared light, the dam 
significantly decreased the mean blood flow by 80%. Furthermore, removal and 
replacement of the pulp reduced the mean blood flow by 58%. Thus, I speculate 
that approximately 90% of the signals obtained by the standard LDF with 
infrared light reflect periodontal blood flow. The present result is the first report 
on the effects of opaque rubber dams on the velocity. In the measurements 
using the standard LDF, the magnitude of reduction of the PBF signals by the 
dam application (Fig. 6, 82.6%) was similar to that in past studies3,25 and larger 
than the reduction in the V in the present study (Fig. 5, 62.6%). The additional 
decrease in the magnitude of PBF signal reduction (20%) is considered to be 
related to the blood cell concentration, with less blood cell concentration in the 
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pulp than in the periodontal tissues.  
The estimated V of the forearm and gingiva in the present study (Fig. 5) 
were comparable to those observed in past reports, such as 0.61 mm/s by 
intravital microscopy with computer video image analysis in the forearm40 and 
1.2 mm/s by videomicroscopy in the gingiva41. The velocity at the fingertip in the 
present study was slower than measured by laser speckle contact imaging 
videoscopy in a past report 42. The relatively cold room temperature might have 
decreased the flow velocity in the fingertip.  
The results of the COF for the measurements of the teeth with dams suggest 
that the frequency range of LDF required for PBF measurement is not 24 kHz 
but at most 7 kHz. The signals in the frequency range higher than the COF can 
generate electric noise, which is produced during the photo-electric conversion. I 
intended to recruit at least some relatively elderly subjects (up to 57 years old). 
Further study might be required to determine whether LDF should cover the 
frequency range higher than 5 kHz for the measurement of PBF in younger 
subjects, whose PBF velocities are expected to be faster than those in the 
present study. 
The COF determined in the measurement of teeth without dams was similar 
to that from the gingiva and was higher than that with dams (Fig. 4). These 
relationships indicate that the signals obtained from teeth without dam 





The PBF velocity in humans was very low, and LDF modified for low blood flow 
velocity successfully detected larger and clearer pulsatile blood flow signals from 
teeth with opaque rubber sheet application than did standard LDF. These results 
indicate that the modified LDF is suitable for PBF measurement. The modified 
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Figure 1: A block diagram showing the opt-electric circuit of the laser 
blood flowmeter.  
The detector receives the scattred laser light from target tissue, and the current 
is propotional to the intensity of the received laser light. The output voltage, Vout, 
of the circuit is expressed as  
Vout = Ir x R + Nc (Ir: received laser light, R: gain resistor, Nc: noise from the 
circuit itself) 
To obtain higher signal to noise ration for low (small) blood flow signal, the 
resistor, R, should be higher. However, the frequency characteristic becomes 
lower when a higher resistor is used. Therefore, we used a 2.5 times higher 
resistor (100 MΩ) for the modified laser blood flowmeter which frequency range 
is 1/4 (6 KHz) of the standard laser blood flowmeter. 
 
Figure 2: A block diagram showing modified probe for the blood flow 
measurement.  
The reflection light from the tissues was into two halves by a prism embedding in 
the probe.  
 
Figure 3: An example of an analysis of the power spectrum by fast Fourier 
transformation (FFT) of the opt-electrically converted signals, recorded at 
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a tooth with opaque rubber dam and at a fingertip of a single subject (KH, 
male, 44 years of age).  
The ordinate and the abscissa represent the signal intensity (dBvrms) and the 
signal frequency (kHz), respectively. The thick line and the thin line on the graph 
represent the signals from the tooth and from the fingertip, respectively. The left 
arrow (upper deflection) and the right arrow (lower deflection) indicate the cut-off 
frequency (COF) of the signals obtained from the tooth (2.5 kHz) and the finger 
(17.5 kHz), respectively.  
 
Figure 4: Box plot showing the COF of the blood flow signals from the 
recorded tissues (n=22 in each).  
The ordinate and the abscissa represent the cut-off frequencies (kHz) and the 
recorded areas, respectively. On the abscissa, Fi, Fa, G, Tn and Td indicate the 
finger, forearm, gingiva, tooth without opaque rubber dam  and tooth with 
opaque rubber dam, respectively. Asterisks indicate significant differences in 
COF between the teeth with rubber dam and the others (p<0.01, Steel-Dwass 
test). 
 
Figure 5: Box plot showing the mean blood flow velocity (mm/s) of the 
recorded areas (n=22 in each).  
The ordinate and the abscissa represent the mean blood flow velocity (mm/s) 
and the recorded tissues, respectively. On the abscissa, Fi, Fa, G, Tn and Td 
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indicate the finger, forearm, gingival, tooth without opaque rubber dam and tooth 
with opaque rubber dam, respectively. Asterisks indicate significant differences 
in mean blood flow velocity between the teeth with rubber dam and the others 
(p<0.01, Steel-Dwass test). 
 
Figure 6: Box plot showing the blood flow signals (volts) of the recorded 
tissues recorded by standard LDF (n=22 in each).  
The ordinate and the abscissa represent the blood flow signals and the recorded 
tissues, respectively. On the abscissa, Fi, Fa, G, Tn and Td indicate the finger, 
forearm, gingival, tooth without opaque rubber dam and tooth with opaque 
rubber dam, respectively. Note that the blood flow signals from the teeth with the 
opaque rubber dam were too small to be recognised. Asterisks indicate 
significant differences in blood flow signals between the teeth with the rubber 
dam and the others (p<0.01, Steel-Dwass test). 
 
Figure 7: An example of the laser Doppler blood flow signals from a tooth 
of a subject (MC, 50 yrs of age) with opaque rubber dam.  
Traces represent the signals simultaneously recorded using the standard (lower 
trace) and modified flowmeter (upper trace). The ordinate and the abscissa 
represent the signal amplitude and time, respectively. The signals using the 




Figure 8: Box plot indicating the blood flow signals (volts) from teeth with 
opaque rubber dam using the standard (ST) and modified flowmeter (LF) 
(n=28 in each).  
Asterisks indicate a significant difference in blood flow signals between them 
(p<0.01, Steel-Dwass test). 
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